Galvanic corrosion of Nickel-Chrome alloy (NiCr alloy) and Copper (Cu) coupled in 5% sulfuric acid solution was investigated. The effects of agitation velocity, temperature, and time on the galvanic corrosion current and the weight loss of both metals in both free corrosion and galvanic corrosion were investigated. The trends of open circuit potential (OCP) of each metal and galvanic potential (Eg) of the couple were also determined. The results showed that Cu was cathodic relative to Ni-Cr alloy in galvanic couple and the corrosion potential of the couple (Ni-Cr alloy /Cu) was between the values of the two single components because the OCP of copper shifted to positive with the increase in velocity. Under stagnant conditions initially the galvanic current was more negative then shifted to the positive with time. The corrosion of Ni-Cr alloy decreased with time because the passivation layer was formed on the surface. Under flow conditions, the galvanic current sharply shifted to the negative direction (increase galvanic current from Ni-Cr alloy (anode) to Cu (cathode) during the first few minutes.
Introduction
Galvanic corrosion occurs when two different metals become in electrical contact. The more negative pole is the anode from which the current is flowing to the more positive pole which is the cathode [1] .
Corrosive acid media such as hydrochloric acid (HCl) and sulfuric acid (H 2 SO 4 ) are widely encountered in practical applications such as acid pickling, removal of scales using acids, cleaning of oil wells by acidizing method and others.
Nickel and its alloys have wide applications in practice such as the use of pure nickel as a protective covering for other metals and alloys and the use of nickel and alloying element with other metals. In general, nickel has a good resistance to corrosion, and its alloys exhibit a considerable corrosion resistance to various environments. However, in acidic media the nickel could be attacked in a considerable rate [2] . The formation of passive film on the surface of nickel improves its corrosion resistance. However, the removal of this film by the effect of flow velocity or mechanical way may lead to enhance the corrosion. CopperNickel alloy applications are various such as coating of steel by copper-Nickel to increase its corrosion resistance and the use of Copper-Nickel in the construction of boat hulls [3] .
In the medium of low H 2 SO 4 concentrations, it was found that the passive film that forms on nickel surface is NiOOH or NiO and Ni 2 O 3 . In high H 2 SO 4 concentrations of sulfuric acid, it was found that the passive film was composed of β-NiSO 4 .6H 2 O [2] .
Copper and its alloys are extensively used in industrial applications for condensers, evaporators, heat exchangers, etc. This equipment may also being exposed to corrosive solutions that are of different acidity. Copper is corrosion resistant to non-oxidizing acid environments because it does not displace hydrogen from acid solution. However, it can be attacked by dissolved air in the acidic environments. The corrosion process depends on nature of the metal surface, nature of the the solution, temperature of environment and on the electrochemical potential at the metal-solution interface [4] .
Under flow conditions, the corrosion behavior of most metals in different environments may be complicated due to the complicated influence of the combined effect hydrodynamics and corrosion reactions on the metal surface. Over the years, the literature studied for the effect of flow velocity on the galvanic corrosion reported different trends of the corrosion versus flow velocity.
From practical point of view, it is important to understand the corrosion behavior of the practically important metals and alloys such as copper and nickel in the corrosive environment under different operating conditions. Therefore, the current work is devoted to investigate the free corrosion and galvanic corrosion behavior of Nickel-Chrome alloy and copper in sulfuric acid under different flow conditions.
Experimental work
The free corrosion rate for specimens Ni-Cr alloy and Cu was determined by weight loss method under agitation velocity of 0, 400, and 600 rpm and temperatures of 30, 40, 50 and 60 ºC, in a solution of 5% H 2 SO 4 . Galvanic corrosion rate of Ni-Cr alloy /with Cu couple was evaluated under isothermal conditions (T=40 °C) and agitation velocity 0, 400, and 600 rpm. Figure (1) shows the experimental apparatus that was used in galvanic corrosion experiments. The corrosion rate for two dissimilar metals was calculated from the measured weight loss before and after coupling. The electrode specimens were mechanically press-cut into coupons of 20 mm × 40 mm dimensions with a total specimen surface area of 800 mm 2 . The specimens were connected to a plastic board through a very small holes made in the center using fine screw. The effect of screw was ignored. The chemical composition of specimen is shown in Table 1 Before each test run, the metal specimen was abraded with glass emery paper of grade numbers: 120, 180, 220, 400 and 2000 respectively, washed by tap water followed by distilled water, dried with a clean tissue followed by ethanol for 30 seconds, dried with clean tissue, and then dried by using electrical oven at a temperature of 110 ºC for 10 minutes [5, 6, 7] .
The specimen was stored in the desiccator over a high activity silica gel until use. Before immersion test, the specimen was weighed to the 4 th decimal of gram. One face of the rectangular coupon was exposed to corrosion environment for 1 h immersion in the acid solution, while the other face was completely insulated by insulating tape. The corrosion rate of each specimen was determined for two cases: free corrosion and galvanic corrosion. At the end of weight loss experiment, the specimen was washed by tap water with brushing to remove the corrosion products that may still sticking surface, washed with distilled water, dried with clean tissue, rinsed in ethanol and dried by using electrical oven to a temperature about 110 ºC for 10 minute. Then the specimen was kept in the desiccator in presence of high activity silica gel until weighing. The change in the open circuit potential of specimen as function of time was measured for experimental runs.
In galvanic corrosion experiments, before each experiment, the specimens were weighed by accurate balance. After the solution had reached the required isothermal temperature and velocity, the two dissimilar metals were connected together to measure galvanic current variation with time by using Zero Resistance Ammeter (ZRA). The nickel chrome alloy specimen was connected to the (+ve) and the copper to the (-ve). The distance between the specimens in the test solution was maintained at 10 mm in all experiments. The coupons were mounted by connecting them on hold board using a small screw.
During each experimental run, the variation of galvanic potential with time was measurement by using Saturated Calomel Electrode SCE bridged by a Luggin capillary at a distance of 1-2 mm from the working electrode [8] connected to personal computer for data recording. The specimens were immersed in the acid solution for 1 h. During this time period, the galvanic current and galvanic potential were measured with time. After each run, the specimens were weighted by high accuracy balance. Each run was repeated at least twice.
Results and discussion 3.1 Free corrosion
Figures 2 and 3 illustrate the variation of corrosion rate of Nikel-Chrome alloy (Ni-Cr alloy) and Copper (Cu) expressed in gmd with temperature and agitation velocity for a 1 h of immersion time in 0.52 M H 2 SO 4 solution. Figure  ( 2) reveals that the corrosion rate increases with temperature. This effect may be attributed to the increased diffusion rate of hydrogen and oxygen with the increase in temperature. The temperature favors the kinetics of the corrosion reaction [9, 10] , and specially the anodic dissolution of the metal, because the anodic current densities increase with the increase in temperature. Figures 2 and 3 reveal that the corrosion rate of Ni-Cr alloy exhibits high corrosion rate compared to Cu. In addition, their corrosion rate increases appreciably with temperature. Copper exhibited a clear corrosion resistance under most investigated conditions even at high temperature and high rotational speed. This is due to the increased anodic polarization and a possibility of passivation. The clear increase of the corrosion rate with temperature is ascribed to two main reasons [5, 8] : the first one is the increased anodic dissolution reaction of metal due to the decrease in activation energy of anodic reaction. The second one is the increased oxygen diffusivity that leads to increase the arrival of oxygen to the metal surface and hence enhance the corrosion. Figure (4) , for Ni-Cr alloy, indicates that in the beginning of the run a high E corr is noticed, which decays quickly. This high initial potential is due to the oxide film formed. After the immersion this films undergoes reductive dissolution and the corrosion potential decreases. Following the reductive in potential, the potential built up in the positive direction, suggestive of film formation and repair. At all temperatures the potential shifts toward more negative values directly after the immersion and then slightly increases to more positive. This rise in temperature may decreases the equilibrium potential of Fe and H 2 but increase the equilibrium potential of O 2 [11] . The diffusion rate of oxygen species is increased by increasing the molecular diffusion coefficient and the oxygen solubility is decreased. This result agrees with Hasan et al., 2011 [12] for carbon steel in 0.1N NaCl solution.
From Figure 5 for Cu, it can be seen that the OCP from -580 to -490 mV, and it increase about 80 mV with increase of temperature to 60 °C. Moreover, it is clear that not change in OCP when temperature changes from 30 to 50 °C while more important change when up to 60 °C. At high temperature (T=60 °C), the corrosion potential shifts to more positive indicating the formation of oxide film (Cu 2 O) on the metal surface. At T=30 to 50 °C, it exhibits potential shift to more negative with time reaching an asymptotic value of -0.57 V after about 30 min. At T=60 °C the potential also shifts to negative and reach asymptotic value of -0.49 V after about 20 min. Figures 6 and 7 shows the effect of agitation speed on the corrosion potential vs. time of Ni-Cr alloy and Cu respectively, in 0.52 M H 2 SO 4 solution at T=40 ºC. Figure 6 shows the free corrosion potential versus time for Ni_Cr alloy for various velocities at T=40 °C. It is clear that with increasing velocity the potential shifts to more positive values due to the increased O 2 transport to the surface. This agrees with previous studies [13, 5, 14, 15, 12] [16] indicated that the increase in E corr with velocity because of the increase in transport of oxygen to the metal surface and velocity has no effect on corrosion potential (E corr ) when the system is free from oxygen. Figure 7 for Cu, Following the initial dissolution of potential, the potential leveled down slowly to constant values. It is clear that the OCP shifts to more positive with increase velocities. Magaino, 1997 [19] reported that the amount of copper dissolved in acid media decreased with electrode-rotation but remained almost constant at the rotation speeds above 500 rpm. Cu, T=40C u= 0 rpm u=400 rpm u=600 rpm Figure 8 shows the comparison of three cases: free corrosion potential of Ni_ Cr alloy, Cu, and galvanic potential of Ni-Cr /Cu. In general there is a sharp decrease in the potentials and then a slight increase with time. It can be seen that the galvanic potential of the Ni-Cr alloy /Cu couple is more noble than OCP of Cu and Ni-Cr alloy respectively. This attributed to the instability of the film freely formed on the copper under conditions of galvanic coupling. This result is in agreement with previous observations [20] for steel and 70/30 Cu-Ni alloy couple in sea water. This figure reveals that the nickel-chrome alloy is the anode because its corrosion potential is more negative than the copper. Since the open circuit potential of copper is higher than the open circuit potential of Ni_ Cr alloy, the current is flow from nickel_ chrome alloy to copper. Therefore, the nickel_ chrome alloy is the anode and copper is the cathode. Ni_Cr alloy free means that it flows from the cupper to Ni-Cr alloy. The current then decreases with time and after few minutes reaching to zero. The increase in the negative means that the direction of the current is reversed, i.e becomes from Ni-Cr to Cu. This behavior is thought due to the formation of passivation layer on the Ni-Cr at first moments of coupling causing it to behave as cathode. After few minutes and by the action of agitation velocity this layer is removed leading to activate the anodic action of Ni-Cr alloy. It can be seen from Figure (12 ) that after the sharp increase in the negative direction, the current starts to shift to the positive direction, i.e. the absolute value is decreased. This can be ascribed to the decreased surface activity and formation of corrosion layer on the anode. In general, the higher the velocity is the higher the absolute value of the galvanic current. This behavior of the anode corrosion current agrees with [23, 7] . (Figures 8 to 10 ). In addition, when coupling Ni-Cr alloy with Cu, it is found that the corrosion rate of two metals decreases. This is due to dissolution occurring on to metals and which is high for the nickel-chrome alloy surface. Black smut of elemental nickel formed on copper after the experiments confirming the dissolution of both metals. This result is in agreement with the previous work [24.25] . David et al., 1955 [24] for titanium and aluminum specimens coupled in sulfuric acid both metals corroded uniformly. Multicolored interference films were sometimes formed on titanium surfaces when no weight losses of titanium specimens were observed. Sheela et al., 2005 [25] found that in aluminum-nickel couple both metals corrode in 5% sodium chloride acidified with acetic acid with the corrosion of nickel being considerably lower. The galvanic potential that was positive at the start, progressively decreased with time. the OCP of nickel exhibited a gradual increase in dissolution of nickel. 
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Conclusions
From the experimental results, the following conclusions are drawn: 1-The free corrosion rate of Ni-Cr alloy increases clearly with temperature while copper exhibits corrosion resistance for the whole range of temperature investigated 2-The corrosion potential of both metals shows considerable a decrease with time particularly at first few minutes of the exposure to the solution. It shows clear shift to more positive with the increase in temperature and in agitation velocity. 3-In galvanic coupling Ni-Cr alloy with Cu, the alloy behaves as an anode showing a clear increase in the corrosion rate. Ni_Cr alloy-Cu couple T=40C u=0 rpm u=400 rpm u=600 rpm 4-When coupling Ni-Cr alloy with Cu, the corrosion rate of each metal is lower than the free corrosion case. This is due to a dissolution occurring onto metals which increases on the nickel-chrome surface. Black smut of elemental nickel forms on copper after the experiments indicating the dissolution of both metals. 5-The corrosion rate of Ni-Cr alloy shows clear increase with the rotational speed, while the corrosion rate of copper show slight increase. 6-Under stationary conditions, the galvanic corrosion sharply increases with time. Under flow conditions, the absolute galvanic current increases with time during reaching an asymptotic value. 7-In general, increasing the rotational velocity leads to an appreciable increase in the absolute galvanic current. 
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